In this paper we report a new ground state potential energy surface for ethylene (ethene) C 2 H 4 obtained from extended ab initio calculations. The coupled-cluster approach with the perturbative inclusion of the connected triple excitations CCSD(T) and correlation consistent polarized valence basis set cc-pVQZ was employed for computations of electronic ground state energies. The fit of the surface included 82 542 nuclear configurations using sixth order expansion in curvilinear symmetry-adapted coordinates involving 2236 parameters. A good convergence for variationally-computed vibrational levels of the C 2 H 4 molecule was obtained with a RMS(Obs. − Calc.) deviation of 2.7 cm −1 for fundamental bands centers and 5.9 cm −1 for vibrational bands up to 7800 cm −1 . Large scale vibrational and rotational calculations for 12 C 2 H 4 , 13 C 2 H 4 and 12 C 2 D 4 isotopologues were performed using this new surface. Energy levels for J = 20 up to 6000 cm −1 are in a good agreement with observations. This represents a considerable improvement with respect to available global predictions of vibrational levels of 13 C 2 H 4 and 12 C 2 D 4 and rovibrational levels of 12 C 2 H 4 .
I. INTRODUCTION
Polyatomic molecules such as methane CH 4 , acetylene C 2 H 2 and ethylene (ethene) C 2 H 4 "carbon chains" are of considerable interest for modeling of planetary atmospheres and other astrophysical applications. They present strong absorption in the overtone range usually corresponding to excitation of the CH bonds, so that these small hydrocarbons dominate the opacity of some brown dwarfs, exoplanets and asymptotic-giant-branch (AGB) stars and play a primary role in the physical chemistry of their outer atmospheres 1 . Thus, the emission of AGBs is partly affected by ethylene which has been detected in the outer shell of IRC+1021641 and IRL61842 where it is proposed that methane combustion may generate C 2 H 4 and HCN. Knowledge of rovibrational transitions of hydrocarbons is of primary importance in many fields, as for example for identifying the chemical composition of Titan atmosphere 2 but remains a formidable challenge for the theory and spectral analysis 3 .
Several databases aim at collecting the corresponding data [4] [5] [6] but the information about C 2 H 4 spectrum present in databases remains limited, only some spectral ranges around 1000 and 3000 cm −1 being available. a) Electronic mail: thibault.delahaye@univ-reims.fr b) Electronic mail: michael.rey@univ-reims.fr Many recent studies on vibrational fundamental 7-11 and combination 8, 12 band analysis tend to increase these data up to 6000 cm −1 .
Both the development of high-quality ab initio potential energy surface (PES) and dipole moment surface (DMS) and improvement in computational codes solving the rovibrational Schrödinger equation have been recently achieved (see for example Refs. 13-30 and references therein, the list being not exhaustive). All these made the calculation of quantitatively accurate ab initio rovibrational spectra up to five atomic molecules possible. These ab initio predictions of the PES and molecular properties for small molecules help resolving many issues related to the analysis of the spectra 31 .
Theoretical predictions proved to be very useful for analysis of experimental spectra at high-energy ranges. Obviously a construction of twelve-dimensional surfaces for six-atomic molecules is a considerable challenge for the theory. Avila and Carrington 32 reported J = 0 vibrational energies of almost 130 states of 12 C 2 H 4 from a CCSD(T)/cc-pVTZ modified force field, initially computed by Martin et al. 33 in a polynomial representation, and extended by using Morse variables for the four C-H stretch coordinates. Thereafter Carter et al. 34 used this modified potential to perform rovibrational variational calculations with the Multimode code, using a basis with typical size of VCI A g symmetry block of 24048 for accurate determination of J = 0, 1, 2 energies and a reduced basis (size of A g symmetry block = 2654) for more qualitative predictions up to J = 40. Both studies showed a rather good description of fundamentals and to a less extent of first overtones and combination bands. These authors concluded that their calculations were mostly limited by the accuracy of the potential and pointed out the need of a new surface, obtained at a higher level of the ab initio theory, a larger basis and advanced fitting methods.
In this paper, we report a new PES for ethylene which was calculated using augmented coupled cluster CCSD(T) method and correlation consistent basis set cc-pVQZ. In order to validate the accuracy of the surface, we also present vibration and rotation-vibration predictions using normal mode variational techniques. For a polyatomic molecule in normal coordinates the vibrationrotation Hamiltonian has been formulated in its most compact form by Watson 35 and is referred to as Eckart-Watson Hamiltonian (EWH) in the following. In case of nonlinear molecules as ethylene the EWH is given by (1) where α, β = x, y, z, J α and π α are molecular frame components of the total and vibrational angular momentum, respectively, and µ is the reciprocal inertia tensor. U (q) is the potential function and U W (q) = − 1 8 µ αα is a small mass-dependent contribution introduced by Watson that is a purely quantum mechanical term of kinetic origin 35 . In this representation the quantum nuclear motion in the twelveth-dimensional vibrational space is described by the set of rectilinear normal coordinates q. Computations for solving the rovibrational Schrödinger equation using this EWH were performed with our recent in-house code Tensor. Besides providing all necessary transformations for a systematic symmetry-adapted development of the complete normal-mode Hamiltonian expansion, this computational code implements variational procedure and reduction-truncation techniques for rovibrational spectrum predictions.
The paper is structured as follows. We give in Sections II and III computational details about the new ab initio PES for electronic structure calculations and for surface fitting procedures. Sections IV, V and VI present succinct description of procedures implemented in the Tensor code, vibrational and rovibrational energies of 12 C 2 H 4 and isotopologues 12 C 2 D 4 and 13 C 2 H 4 up to J = 20. Comparisons with experimental data and recent works are also reported. A brief summary and conclusions are given in Section VII.
II. ELECTRONIC STRUCTURE COMPUTATIONS
Accurate calculations of vibrational and rotational energy levels from a PES require combining high level ab initio methods with sufficiently large basis sets in electronic structure calculations. For this purpose, we used the well-known coupled cluster approach including single and double excitations 36 and the perturbative treatment of triple excitations, usually denoted as CCSD(T) method 37 . Calculations were carried out using well established Dunning's correlation consistent basis sets cc-pVQZ 38 . The Molpro program package version 2009.1 39 was used to perform all the ab initio calculations of electronic ground state energies. Most of the calculations were using the regional "Romeo" multiprocessor computer (Reims), "IDRIS" computer centre of CNRS in Orsay and "JADE" cluster at CINES computer centre in Montpellier. As a first step for the PES construction, a set of ground state electronic energies was calculated with cc-pVQZ basis set on a grid of 82 542 nuclear configurations described in the following Section II B. Together, these calculations took about 30 000 hours (CPU time). Density distribution of included geometrical configurations is given in Figure 1 with a maximum number of configurations near 5000-7000 cm −1 but a significant number of points extends up to 12 000-13 000 cm −1 .
A. Equilibrium structure
A full PES suitable for quantitatively accurate prediction of highly excited vibration-rotation states of ethylene requires accurate determination of the equilibrium structure of the molecule, otherwise the precision of rotational levels dramatically decreases with increasing J values. Due to the D 2h symmetry of the ethylene molecule, the equilibrium geometry is defined by only three parameters, r e (C-H), r e (C-C) and α e (HCC). Thereafter, these parameters are referred to as r He , r Ce and α e . As the rotational constants depend on C 2 H 4 equilibrium structure, these three parameters are of primary importance for accurate description of rotational spectra.
Previous works considered equilibrium geometry based on ab initio geometry optimization at CCSD(T)/cc-pVTZ level of the theory. Nevertheless it seems clear that even a CCSD(T)/cc-pVQZ optimized geometry cannot reach a sufficient precision for rotational predictions. Some results for the equilibrium geometry optimization obtained using different level of the theory are summarized in Table I . Increasing the basis set dimension does not lead necessarily to a smooth convergence for equilibrium values. However, a general trend can be observed. Both cc-pVQZ and cc-pV5Z valence basis sets result in somewhat larger r He and r Ce values and smaller α e angle. On the other hand, including larger core valence basis sets cc-pCVQZ and cc-pCV5Z gives shorter bond lengths values and wider α e angle. Including augmented basis with diffuse functions results in a smaller effect on Table I . Equilibrium geometry parameters of C2H4 optimized using CCSD(T) method with different basis sets and corresponding ground state rotational J = 1 levels. parameters values but obviously tends to slightly relax bond lengths and α e (HCH) angle. In terms of bond lengths and angle a certain regularity can be seen: irrespective of core function or augmentation, the bond length and angle get smaller when going from QZ to 5Z. Also adding core functions or augmentation, the results get smaller irrespective whether we use 5Z or QZ basis. Nevertheless, the ∆ (Obs.−Calc) RMS deviation for J = 1 levels was not as accurate as in our previous study for the methane molecule 26 . In order to improve the equilibrium geometry for the purpose of variational spectra calculations, we applied a simple iterative algorithm for an optimization of r He , r Ce and α e parameters using observed ground state J = 1 levels of C 2 H 4 which guided iterative corrections to A e , B e and C e . This simple procedure leads to an improvement by more than one order of magnitude for the ground state E J=1 rotation energies compared to purely ab initio optimized geometries. The main idea behind this optimization procedure is based on the assumption that PESs computed with basis sets listed in Table I have very similar shapes at least near the bottom of the potential and that the major contribution to rotational levels comes from relatively small changes in the equilibrium geometry parameters. As our best ab initio equilibrium was very close to the final empirically corrected value (variation of 0.0004Å for bonds and 0.04 Degrees for the angle, Table I ) only "fine tuning" was necessary: A e , B e and C e were adjusted without changing the PES expansion terms. We have checked that in our case these tiny changes in equilibrium corrections result in quite small changes 0.01 − 0.1 cm −1 in fundamental vibration energies that is less than the accuracy of the ab initio PES. Extrapolations to higher rotational levels discussed in Section VI confirm that this empirically optimized equilibrium geometry is appropriate for rotational calculations using atomic masses and the PES shape determined at CCSD(T)/cc-pVQZ level of the ab initio theory. Our procedure is quite similar in spirit to the method for an empirical optimization for equilibrium geometries of Pawlowski et al. 40 . The main difference is that Pawlowski et al. 40 used second order perturbation theory for the vibration-rotation terms limited by including quadratic and cubic force constants only, whereas our approach is fully variational accounting for higher order terms of the PES expansion. It is instructive to compare our empirically optimized equilib- Twelve internal symmetry-adapted coordinates are necessary to describe the PES and the vibrational motion of the C 2 H 4 molecule. To parametrize all possible nuclear geometries of the system, it is convenient to use polar curvilinear valence coordinates because they are internally built in ab initio programs like Molpro. The internal polar coordinates are defined in a standard way via four vectors { r i } (i = 1, 2, 3, 4) linking the four H atoms to the closest C atom and r 5 linking the two C atoms together. The following coordinates were chosen as independent ones: four CH bond lengths {r 1 , r 2 , r 3 , r 4 }, one CC bond length {r 5 } and four CCH bond angles {q 1 , q 2 , q 3 , q 4 }. In addition three independent torsion angles need to be defined. Though it is more convenient to deal with four torsion coordinates corresponding to the two trans-{t 1564 , t 2563 } and two cis-{t 1563 , t 2564 } H-C-C-H torsion angles (with respect to atom numbering in Figure 2 ), and referred as {t 1 , t 2 , t 3 , t 4 }, respectively, only three combinations of {t i } are independent.
We follow the technique described in Refs. 18 and 26 to derive a symmetry-adapted grid of points in the coordinate space suitable for a reliable determination of PES parameters. This approach allows a determination of an optimal set of geometric nuclear configurations sufficient for a construction of the force field up to a certain order of expansion. The twelve-dimensional PES was constructed in a five step process:
(i) One dimensional curves corresponding to each of twelve symmetrized coordinates were constructed first. These one-dimensional curves were interpolated using the sixth order power series expansions.
Then the values of the symmetrized coordinates where the PES should take values 0, 1000, 2500, 4000, 7000, 12000, 18000, 25000 cm −1 were found.
(ii) A full set of 17000 symmetry-adapted terms for the D 2h group up to the 8 th order expansion was constructed. Every term was represented as the sum of products of symmetry-adapted coordinates S i , defined by Eqs 2-3 of the next Section III. (iii) A part of terms corresponding to powers > 6 of the radial CH coordinates were suppressed from the further calculations in order to keep reasonable number of points. This is because preliminary estimations showed that more angular points were required for converging nuclear motion calculations.
(iv) All points for the grid in the {S i } nuclear configuration space necessary for finite difference method determination of all above mentioned contributions were found. We followed the method previously applied for the methane molecule 26 .
(v) Coincident configurations {S i } after permutations of identical atoms were deleted from the final list of grid points {S i }.
III. FITTING OF PES EXPANSION PARAMETERS TO AB INITIO ELECTRONIC ENERGIES
The total number of 82 542 points for the optimal grid in the nuclear configuration space was built as described in Section II B. In order to build the PES expansion we define then suitable elementary analytical functions of the stretching (r) and angular (q and t) coordinates. The following elementary functions are used:
where a = 1.9. This value of the a parameter ensures that the second order term of the potential expansion provides a reliable representation for the one dimensional stretching cut. Terms of higher orders result in relatively small corrections. Initially the set of equilibrium nuclear configuration parameters {r e , q e , t e } was taken at the same level of ab initio calculations as the PES calculations, ie at the CCSD(T)/cc-pVQZ level. This was necessary to minimize the deviation beetween ab initio points and the analytical representation during the fitting procedure. Thereafter, for the Hamiltonian development, the PES was expanded around the equilibrium that ensures the best representation of rotational levels (see empirical equilibrium described in Section II A). This approximation implies that rotational levels are mainly determined by rotational constants (and therefore by the equilibrium geometry), and vibrational levels by the force field shape. With this technique we keep the force field and translate it to a better equilibrium representation for rotational levels. Such an assumption is only valid if the deviation of empirically optimized equilibrium configuration from the ab initio one is very small. A comparison given in Table I certifies that this is indeed the case.
For the fitting procedure, one has to choose properly the molecular axis frame. Actually, there are two commonly used conventions, namely the IUPAC and Herzberg axes conventions (see Fig. 2 ), but a third one, the I r representation is generally used for the calculation of rotational levels 8 . In this work we have adopted the molecular fixed Eckart axis embedding with the I r representation for the rovibrational calculations. The abovedefined elementary functions of Eq. 2 were used to build twelve symmetrized S (Γ) i coordinates which are nonlinear with respect to the stretching displacements,
The upper case indices correspond to the irreducible representations (irreps) of the D 2h point group. In order to determine the 12D potential expansion terms (each of the A g total symmetric type), formed from the symmetrised coordinates S i , we applied a two-step procedure. The first step corresponds to the construction of the symmetrised powers of S i and the second step to the coupling of the symmetrised powers of different symmetrised coordinates in irreducible balanced trees according to the algorithm of Ref. 43 . The same technique has been already used for the construction of the methane PES 26 . A set of all possible trees of the totally symmetric A g representation gives a final set of the 12D expansion terms. The potential function was finally developed in power series of symmetry-adapted coordinates defined in Eq. (3)
where i, j, l ∈ {1, 2, 3, 4} and
) Ag (5) and p = 12 m=1 p m . Here n is the string of indices defined by Eq. (5). The maximum power p max in the truncated expansion (4) is referred to as the order of the PES. We fitted our ab initio potential energies using the analytical symmetry-adapted representation (2)-(4). A similar weight function (depending on energy E in cm −1 )
w(E) = tanh(−0.0005(E − 9000) + 1.002002002) 2.002002002 (6) to that employed by Schwenke and Partridge in Ref. 44 was used in the weighted fit of PES parameters to ab initio electronic energies. This form of weighting function minimizes the relative error, by de-emphasizing energies above V top = 9000 cm −1 and keeping a maximum weight for the lowest energy points. More details can be found in Ref. 44 . Among the 2654 parameters initially included in the surface fit at order p max = 6, three linear parameters were suppressed to avoid a shift in the equilibrium configuration of the analytical PES representation. We found that 2236 parameters (of 2651 included) were statistically well determined in this fit on the entire grid of all 82 542 ab initio points with deviations presented in Table III . We also give in Table II a comparison between our harmonic frequencies and those determined via an empirical data fitting model 42 . At the second step all poorly defined parameters were excluded. Figure 1 shows the distribution of the final fit of the ab initio electronic energies using our analytical PES representation. The errors are quite small up to ∼ 10 000 cm −1 . A larger scatter of points above this range occurs because the weighting function (6) quickly de-emphasizes energies above this threshold 44 . In order to further improve the fit, it would be necessary to include some higher order terms in the PES expansion (4) . We plan to do this in a future work.
IV. VARIATIONAL CALCULATION OF VIBRATION LEVELS OF 12 C2H4
A. Theoretical background
For vibrational calculations, we use the EWH (1) and the variational approach implemented in our codes. It is well-known that exploiting molecular symmetry allows reducing the computational cost for solving the Schrödinger equation. One of the key features of our codes is a full use of symmetry properties throughout the calculation. Consequently, the Hamiltonian matrix is divided into eight blocks corresponding to the irreps of the symmetry point group D 2h of C 2 H 4 .
Tensor program suite contains a set of procedures designed to reduce the dimension of matrices and to minimize the cost of the variational computation using a truncation-reduction techniques for the normal mode EWH symmetry-adapted expansion as described in Refs. 28 and 45. An advantage of this approach is to reduce the impacts of drawbacks of high-order Taylor series PES expansion at large distance (although high-order expansion is necessary for a good description of the shape of the potential) as recently proved to be efficient for the methane molecule 45 . A vibrational sub-space (VSS) procedure was also implemented in order to improve the convergence of high-J rovibrational states 45 . This approach can be regarded as a kind of basis set compression technique for which somewhat other methods have been previously employed for molecules with fewer number of atoms 13, 16, 46, 47 . Some related aspects have also been discussed in Refs. 48 and 49. In our case we use accurate vibrational eigenfunctions with an appropriate energy cut-off as a truncated basis set for vibration-rotation calculations. To summarize, the nuclear motion problem of C 2 H 4 is solved in a four-step procedure:
(i) Reduction technique is applied to the vibrational part of the hamiltonian H : we transform a n th order Taylor EWH H (n) (p,q,J ) to a m th order (m < n) reduced Hamiltonian H (n→m) red (p,q,J ) according to the method discussed in Refs. 28 and 45. Besides reducing the number of terms in the rovibrational expansion, making calculation of matrix elements much faster, this procedure has a fundamental impact on potential part by minimizing some impacts of Taylor artifacts, as discussed in the following Section IV B. 
where v 1 , v 2 , ..., v 12 are the HO quantum numbers and C v is the vibrational symmetry type in the D 2h group, given by the multiplication rule :
A cut-off criterion is imposed to select a limited set of primitive basis functions
with v i = 0, .., v max . A default option is a homogeneous cut-off with all κ i = 1. In the latter case we shall consider a concise notation F κ=1 (v max ) ≡ F (v max ). For C 2 H 4 , due to the large range covered by vibrational fundamentals (between 825 and 3100 cm −1 ), it is important to properly select a "pruning" scheme by defining appropriate κ i weight coefficients, and thus include a different number of stretching, bending and torsion basis functions. (iv) As the last step, the Hamiltonian is partitioned as H = H v + H rv and the variational method is applied using anharmonic basis set {Ψ v } obtained at the previous step (iii) that permits improving the convergence of vibration-rotation calculations. By defining the cut-off for full vibrational energy E max , we make a basis set compression equivalent to a selection of an appropriate VSS spanned by variational eigensolutions of the step (iii) such that E v < E max . This compact set of vibrational eigenfunctions is used to solve the full rovibrational eigen-problem for each (J, C) block, where J and symmetry labels C = C v × C r are used to assign levels. The VSS depends of course of the truncation (v max ) for the primitive HO normal mode basis set at the step (ii). At the step (iv) a use of the maximum primitive basis cut-off (v max ) for big rotational quantum numbers J could be too demanding.
In this case we applied a further basis reduction: variational coefficients of wave function expansions were first optimized with the (v max ) cut-off and then transferred to the corresponding terms of a smaller basis set with r < v max . This truncationcompression scheme which has been discussed in detail in Ref. 28 proved to be efficient for calculations of methane spectra. The rovibrational energy levels are obtained by diagonalizing the resulting hamiltonian matrix expressed in the reduced vibrational eigenbasis. This permits handling much smaller matrices for the vibration-rotation eigensolutions and thus better converging variational spectra calculations.
In addition to drastically compressing the basis set size, the VSS procedure allows one to smoothly introduce empirical corrections for the band centers in rovibrational calculations. If we just replace E v by the observed values, all vibrational wavefunctions and all coupling matrix elements of H rv will not be affected by this change. They remain ab initio in origin, but vibration-rotation resonances are then better described at the step (iv). This model could provide a more realistic description of rovibrational perturbations in the spectra. 
B. Convergence properties and computational details
where the augmented angular contribution V a(16→8) red is obtained as follows: first the PES was expanded in bending and torsion coordinates by fixing the stretching at the reference geometry, then the coupled angular terms from 11 th to 16 th orders were added and finally these supplementary terms were reduced to the 8 th order using (a + , a) representation.
One of major problem in the variational calculation of the rovibrational level is a possible presence of nonphysical PES features (spurious minima) in the range spanned by the wavefunctions of the considered states. In this study we did not experience server problems for the stretching degrees of freedom, but it was a challenging issue to describe correctly the angular behavior of the PES. Figure 3 shows bending and torsion PES cuts to illustrate an improvement of truncated Taylor expansion using the reduction schemes. This example shows that by choosing an appropriate reduction scheme one can avoid holes (V (16→8) red , red dashed-dot curve) or push away nonphysical features due to the PES expansion (V (10→6) red , blue dashed-dot curve). Results given in Table IV indicate that deviation between vibrational levels for these two latter versions is marginal in the considered energy range. This table clearly shows that the accuracy increases with orders and that the reduction scheme drastically improves the accuracy/cost ratio confirming the results previously obtained for methane 28, 45 .
After having tested Hamiltonian reductions using quite moderate vibration basis set F(9) in Table IV , we extended our final calculations to larger basis sets F κ1 (13) and F κ2 (13) . We optimized the size of these basis sets by applying supplementary constraints v i ≤ v imax on maximum quantum numbers for individual normal modes.
These limitations as well as κ i weight coefficients are summarized in Table V . Convergence tests for basis sets are given in Figure 4 and Table VI that show rms and maximum deviations for vibration levels with respect to the largest one F κ2 (13) . In this Table we also quote the dimensions of the symmetry blocks before and after the basis set compression. To compute vibrational levels with the largest feasible basis we choose the H 10→6 Hamiltonian model which presents an optimal accuracy/cost ratio. With this reduction scheme all the matrix elements with ∆v i > 6 have zero values. In case of the F(9) basis only 9% of H 10→6 Hamiltonian matrix elements are non-zero. In frame of our approach the advantage of the primitive harmonic basis set is that the matrices of vibrational Hamiltonian are sparse and the selection rules for both Hamiltonian and dipole moment terms are very simple. But as explain above, for the final vibration-rotation calculation our basis sets are anharmonic ones including inter-mode coupling and resonance mixing. The F κ (N ) pruning scheme allows quite flexible convergence/cost optimization accounting for each vibrational mode individually. It has been shown previously 50 that this scheme could provide better accuracy for low vibrations than the "polyad scheme" with the same number of basis functions. In a sense the F κ (N ) scheme has some similar features to the Multimode one though in Ref. 34 this applies to VSCF basis functions.
CPU time for the complete calculation of rovibrational spectrum depends of course on the basis set size and on the maximum quantum number J. For the F κ2 (13) basis, J = 0 calculation takes about 50 hours per block (8 blocks), including the construction of the reduced F κ2 (13 → r) basis, on an entire node of "ADA" IBM cluster on IDRIS computer center (32 Intel Sandy Bridge processors and 100 gB of memory). This rather large calculation was necessary to achieve a good convergence for vibrational levels. The F κ2 (13 → r) basis sets were then used for J > 0 rovibrational calculation. For the F κ2 (13 → 5) basis with the maximum J = 25 quantum number this takes about 65 hours (maximum A g block size of 40 000) whereas it takes almost 60 hours to compute levels up to J = 10 with F κ2 (13 → 6) basis (maximum A g block size of 50 000). Eigenvectors and eigenvalues are calculated with standard routines BLAS/LAPACK for matrix algebra.
C. Results
Results for variational calculations of the vibrational levels are presented in Table VII and compared to previous works of Avila and Carrington and Carter et al. 34 who used a CCSD(T)/cc-pVTZ PES, and to available experimental data from Ref. 51 . As shown in Table  VI , the reduction of F κ2 (13) basis to F κ2 (13 → 6) and F κ2 (13 → 5) permits to reduce the size of hamiltonian matrix blocks by a factor of 40 and 115 respectively. For these bases, a good convergence is achieved for funda- (13) and F κ2 (13) specified in Table V differ by the maximum vibrational quantum number for the two lowest bending ν 3 and ν 6 modes, augmented to v max = 11, and all torsion modes adjusted to v max = 13. As the sizes of matrices become larger as J increases, we have adopted a strategy which consists in partitioning the rovibrational problem as follows: for J = 0 calculations were performed with F κ2 (13), for 1 ≤ J ≤ 10 with F κ2 (13 → 6) and for 11 ≤ J ≤ 20 with F κ2 (13 → 5). For the two latter basis sets, a vibrational VSS cut-off E max has been fixed to 16000 cm −1 with respect to zero-point vibrational energy. Obviously with such a cut-off we consider almost all vibrational wavefunctions of F κ1 (13) and F κ2 (13), i.e. there is no compression of the basis with respect to this cut-off. A comparison of vibrational band centers with those predicted from the previous potential energy surface of Martin et al. 33 , obtained at the CCSD(T)/cc-pVTZ PES level of ab initio calculations, shows a significant improvement for both fundamentals and overtones, and generally of all bands in the considered region. This could be possibly explained by increasing cardinal number of the electronic basis set but also by the larger grid of nuclear configurations included in our study. This permits accounting for higher-order terms in the analytical 52 a Notation 10 → 6 means that the Hamiltonian is expanded up to 10 th power in q and converted to 6 th power as described in Section IV A; N Γ denote dimensions of symmetry blocks for N Γ = A g , A u , B 1g , B 1u , B 2g , B 2u , B 3g and B 3u . b,c,d maximum ( d ) and rms deviation (in cm −1 ) up to 3200 cm −1 ( b ) and 6400 cm −1 ( c ) with respect to variational calculations with F κ2 (13) basis. By construction, in the VSS procedure the vibrational eigenvalues associated to F κ (N → r) and F κ (N ) basis sets are taken equal. Consequently for J = 0 the rms deviation between the corresponding eigenvalues sets is zero.
PES representation. Comparing now the results obtained with our new PES and experimental data, we can see that these purely ab initio results are in a quite good agreement with observed bands, with the rms deviation of less than 2.7 cm −1 for fundamentals and 4 cm −1 for first overtones. An extension of the vibrational energy levels calculation for 12 C 2 H 4 was made for some isotopologues to test the accuracy of the PES. Isotopic species 12 C 2 D 4 and 13 C 2 H 4 are considered because (i) the D 2h symmetry is not changed and (ii) there exists some experimental data for these species. For the calculation of vibration levels of these two species, a quite similar technique was applied. We used the same sixth order expansion of the ab initio PES as for 12 C 2 H 4 expressed in internal coordinates and we substituted the atomic masses in the kinetic energy operator when running the above described program for energy levels calculation. The same equilibrium geometry as for 12 C 2 H 4 was also kept. For this work, the eigenvectors F(9) basis set was used to compute vibrational line positions that is sufficient to well converge J = 0 fundamentals of both isotopic species, at least up to energies necessary for the comparison with the available observations.
In Tables VIII and IX we give calculated vibration levels as well as the comparison with the corresponding observed band centres, when available. For both species very few bands are known: concerning the 12 C 2 D 4 isotopologue, Duncan et al. 60 and later Tan et al. 54, 55, 61, 62 have analyzed most fundamentals and some combination bands, however for 13 C 2 H 4 the situation is much worse and only a few fundamentals are known 58, 59 . In general the agreement with observations is very good for both isotopic species that confirms the validity of our ab initio PES. The rms deviation between theoretically calculated and observed band centres is 4.8 cm −1 (2.4 cm −1 for fundamentals) for 12 C 2 D 4 and < 3 cm −1 for 13 C 2 H 4 . Calculated isotopic shifts are also given in Table VIII and are in very good agreement with isotopic shifts derived from observed data.
VI. ROTATIONAL LEVELS OF 12 C2H4
Theoretical predictions of rotational and rovibrational energy levels of penta-and hexa-atomic molecules by means of variational calculations with the precision required for high-resolution spectroscopy remains a formidable challenge. In this section we consider a validation of our new PES with respect to pure rotational and rovibrational calculations for the ν 9 /ν 11 bands up to J = 20. It is well-known that ground state rotational energies are essentially determined by the equilibrium geometry and by the shape of the PES at the bottom of the potential well. Our previous experience in computation of rotational levels of other systems such as CH 4 or PH 3 using various ab initio PESs 18,26,63 suggested that rotational levels J = 1 are less sensitive to small variations of the PESs force constants but could strongly depend on relatively small errors in the equilibrium geometry. As shown in Table I , test calculations achieved at various levels of ab initio theory pointed out that pure ab initio equilibrium geometries did not give a sufficient accuracy for rotational levels of C 2 H 4 . Therefore we proceeded in this work by an empirical optimization of the equilibrium nuclear configuration for our CCSD(T)/cc-pVQZ PES in order to improve rotational predictions, as described in Section II A, in a similar strategy as that used by Pawlowski et al. 40 to obtain reliable equilibrium structures. This optimization leads to a set of three parameters of equilibrium geometry used for the potential expansion in the Hamiltonian. For the calculation of rovibrational energies, the matrix elements of this Hamiltonian operator are obtained in the coupled basis written as a product between the vibrational functions defined in Section IV A and rotational functions as 
C v , C r and C are the vibrational, rotational and rovibrational symmetry species in D 2h group, respectively. The G matrix corresponds to the transformation matrix from SO(3) to D 2h 64 and is nothing but a Wang transformation 65 . With such a formalism, all the rovibrational levels are described by (J, nC) labels, where n is the multiplicity index of the C irreducible representation, associated to |K|. The correspondence with the standard K a , K c indices can be easily done 65 .
In this work, rovibrational functions, built as described above and in Section IV A, are reduced functions F κ2 (13 → 6) for 1 ≤ J ≤ 10 and F κ2 (13 → 5) for 11 ≤ J ≤ 20. Vibrational J = 0 levels were matched to observed band centers 8 using the VSS empirical corrections. This allows focusing more precisely on the ro-tational dependence of residual errors with respect to J quantum number as plotted in Figure 5 up to J = 5. Such an empirical optimization represents a pragmatic method for improving ab initio predictions for spectroscopic applications. Figure 5 shows the improvement of rotational levels computed from our PES (using pVQZ and pCVQZ equilibrium geometries) with respect to the previous "morsified" version 32 of the CCSD(T)/cc-pVTZ PES originally computed by Martin 33 . Figure 6 gives a similar comparison for upper vibration-rotation levels of the ν 9 /ν 11 bands, the pure vibrational error being substracted for all versions of calculations as described above. 
Not surprisingly, the empirical optimization of the equilibrium geometry gives much smaller residual errors with respect to all pure ab initio predictions. These rotational levels up to J = 8 for the ground state and J = 5 for the ν 9 /ν 11 band are given in Tables X and XI. A Comparison with experimental data analysis reported by Loroño et al. 8 shows a very good agreement: the rms deviation being 0.00062 cm −1 for the ground state and 0.01 cm −1 for the ν 9 /ν 11 band. Again, this confirms a considerable progress in the PES accuracy reported in the present work. Rotational study for isotopic species is under investigation. Figure 5 . Observed minus calculated discrepancies of G.S. rotational levels for 12 C2H4 up to J = 5 for three sets of equilibrium geometry parameters. Comparison with our calculation of rotational levels using the PES "morsified" by Avila and Carrington 32 is included. "Empirically opt." stands for "Empirically optimized equilibrium".
VII. DISCUSSION AND SUMMARY
Previous works on the vibrational and rovibrational theoretical predicitions and on spectra analyses for ethylene have shown the limitation of the CCSD(T)/cc-pVTZ PES and the need of a new more accurate PES at a higher level of ab initio theory. The construction of such a 12D PES for this molecule represents a challenging issue. In this work we applied extended ab initio calculation on a dense grid of 82 542 nuclear configurations at the CCSD(T)/cc-pVQZ level of the theory to determine the shape of electronic ground state PES more precisely involving higher-order terms. A fitting procedure of ab Figure 6 . Rotational dependence of the Obs-Calc. errors for the ν9/ν11 bands of 12 C2H4 up to J = 5 for two sets of equilibrium geometry parameters. cc-pVTZ results correspond to calculations made using Avila and Carrington PES 32 . In all calculations the pure vibrational error was substracted (see the text). "Empirically opt." stands for "Empirically optimized equilibrium". initio electronic energies using a sixth PES expansion in curvilinear symmetry-adapted coordinates involving 2650 parameters were applied, with a total rms deviation of 1.37 cm −1 . This allowed a considerable improvement of vibrational predictions compared to results presently available in the literature. Pure ab initio variational fundamental band center predictions are now very close to experimental values with an average error below 3 cm −1 . Nuclear motion calculations were carried out by a variational method accounting for all symmetry properties as well as relevant transformations. This approach was also applied for the vibrational levels calculation of two isotopic species of D 2h symmetry 12 C 2 D 4 and 13 C 2 H 4 , with an error on fundamental band centers below 2.5 cm −1 . For the rotational calculations, we evaluated the impact of changes in equilibrium nuclear geometrical parameters on the rotational levels. Test calculations were performed by keeping the shape of the potential function cc-pVQZ PES (because the full grid 12D calculations at higher levels of ab initio theory are too demanding), but only changing the equilibrium geometry. Empirical optimization of the equilibrium configuration procedure was necessary to reach the accuracy expected in high-resolution spectroscopy applications.
The final PES of the electronic ground state, constructed from the ab initio CCSD(T)/cc-pVQZ potential function, and combined with empirically optimized nuclear geometries gives considerably improved rovibrational levels. Up to J = 8 the RMS(Obs. − Calc.) deviation was below 0.0007 cm −1 for ground state rotational levels of 12 C 2 H 4 . A quite smooth rotational trend for the errors was also obtained for rovibrational bands, with a RMS(Obs. − Calc.) deviation of 0.01 cm −1 up to J = 5 for the ν 9 /ν 11 dyad after the matching of band centers to experimental values . An extension of this work for rovibrational spectra of isotopic species of D 2h symmetry 12 C 2 D 4 and 13 C 2 H 4 is planned, as well as for symmetry breaking isotopologues 12 C 2 H 3 D, 12 C 2 D 3 H and 12 C 2 H 2 D 2 . In order to improve the accuracy of fundamentals and first overtones band centers, empirical quadratic corrections to the PES are currently under investigation. We provide the CCSD(T)/cc-pVQZ PES, presented in the symmetry-adapted coordinates defined in Eq. (3), as the electronic supplementary material 67 of this paper. Expressions of the symmetry-adapted coordinates S i in terms of Cartesian coordinates are also provided in order to properly transform the PES. As an example, we give the third order PES expansion expressed in mass-weighted Cartesian displacements. Note that this latter form should not be considered for practical calculations.
As a next step we plan to derive effective spectroscopic models for vibration-rotation polyads from this PES by high-order contact transformation method as was recently reported for the methane molecule 68 . This would help a better description of complicated resonance perturbations for spectra analyses at extended wavenumber ranges. We also plan to explore other various basis sets as Morse, TPT, Kratzer, etc. in the future work.
